INTRODUCTION
Although human sleeping sickness may not seem as important on the world stage as diseases such as malaria and AIDS, it is nevertheless an important disease in sub-Saharan Africa and is responsible for a considerable degree of suffering and mortality in countries where it is endemic. Some 55 million people in 36 countries are at risk (79) , with an estimated 50,000 new cases reported annually (90) . Left untreated, the final outcome of the disease for the individual is death, but equally insidious is the effect on communities and quality of life resulting from the debilitating symptoms. In public health terms, the effects of the disease on community life and, in particular, the contribution of individuals to food production and community support can be measured in terms of disability-adjusted life years lost (DALYS). Human sleeping sickness is responsible for 1.78 million DALYS (90) , and the magnitude of this effect can be seen when compared with the related disease leishmaniasis, which has a value of 2.06 million DALYS despite there being 350 million people at risk in 88 countries.
The disease is caused by the protozoan parasite Trypanosoma brucei and is transmitted by the tsetse fly-a link which was established over 100 years ago (17, 135) . Despite much research during the intervening years, the disease remains largely unchecked because of the sophisticated biological defense mechanisms adopted by the parasite, the tolerance of the parasite to drug treatment, and the socioeconomic realities of the prevalence of the disease in a region where resource priorities preclude an adequate surveillance and control infrastructure.
One of the characteristic features of the history of African human sleeping sickness in East Africa is the association of specific areas or foci with the disease and a cycling between periodic devastating epidemics interspersed with long periods of low-level endemicity. The key to controlling human sleeping sickness lies with an understanding of the mechanisms responsible for generating these epidemics. To determine the nature of these mechanisms, some specific questions need to be addressed. How does a focus of human sleeping sickness originate? What factors are responsible for maintaining the stability of these foci over long periods? How does a sleeping sickness epidemic develop from low endemic levels within a focus? What factors are responsible for maintaining the epidemic? Clearly, these questions must be addressed in the light of knowledge of the social ecology of the human inhabitants of areas of endemicity and the ecology of the parasite, hosts, and vectors. Although controversy, debate, and conflicting theories have clouded our understanding of these processes, recent detailed analyses of specific human sleeping sickness foci in East Africa have shed more light. In this review, I consider these new data in the light of the history of these sleeping sickness foci; propose an overall model to describe the origins, generation, and dynamics of human sleeping sickness in East Africa; and discuss the implications for disease control in the future.
Following a tsetse fly bite, trypanosomes proliferate in the host bloodstream and undergo antigenic variation to evade the immune system (134) . Symptoms of this early phase (nausea, fever, and lethargy) are nonspecific and easily confused with those of other diseases such as influenza and malaria. In the late phase, trypanosomes cross the blood-brain barrier and can be found in neural tissue and cerebrospinal fluid. Subsequent neural damage and host reaction cause the classical symptoms of sleeping sickness: disruption of biological rhythms, inappropriate and irregular sleep patterns, and loss of concentration and coordination. Unless the disease is treated, death will follow. The progress of the disease varies from acute (death, 6 to 12 months) to chronic (death, 5 to 20 years). Few drugs are effective against human sleeping sickness, and little progress has been made in developing new drugs in the last five decades (24, 98) . Pentamidine and suramin, developed before the 1920s, remain the drugs of choice for treatment of early-phase disease, while the arsenic-based melarsoprol, developed in 1949, remains the primary drug for treatment of late-phase sleeping sickness. Unfortunately, melarsoprol induces reactive encephalopathy in 10% of patients treated and is fatal in half of those instances (98) . More recently, DL-␣-difluoromethylornithine (DFMO), an inhibitor of ornithine metabolism, has been used in the treatment of late-phase sleeping sickness, but unfortunately it is effective only for the West African form of the disease (due to Trypanosoma brucei gambiense) and remains ineffectual in the East African form (T. b. rhodesiense). Furthermore, DFMO is no longer commercially available.
The other major strategy used to combat disease, vaccination, has also been thwarted by the ability of the trypanosome to undergo antigenic variation (for reviews, see references 11 and 14) . Since there are over 1,000 possible surface coats (132) and many more are generated by recombination (124) , the possibility of generating a universal vaccine against human sleeping sickness seems remote. The need for other control strategies, therefore, is paramount.
TRYPANOSOMA BRUCEI-THE CAUSATIVE ORGANISM
Three subspecies of T. brucei are currently recognized (67); (i) T. b. brucei, which is defined as infecting animals but not humans and is present throughout the tsetse region in Africa; (ii) T. b. gambiense, which is defined as human infective and localized to West Africa and results in chronic human sleeping sickness; and (iii) T. b. rhodesiense, which is defined as human infective and localized to East Africa and results in acute sleeping sickness. The three subspecies are morphologically identical, and consequently diagnosis and identification can be difficult. Furthermore, these taxonomic criteria have some loopholes. For example, it is clear that both T. b. gambiense and T. b. rhodesiense have animal reservoir hosts (48, 56, 122) ; therefore, by implication, an isolate taken from an animal is not necessarily T. b. brucei. Furthermore, the same "subspecies" isolated from different places sometimes has different characteristics, such as isolates taken from the T. b. rhodesiense foci in Uganda and in Zambia (64) . Very acute disease is found in the former focus, while low virulence and a high frequency of asymptomatic carriers are a feature of the latter focus (6, 41, 82) . Thus, while these taxonomic groups provide a convenient description of the species T. brucei, their use is of limited value in medical and epidemiological studies.
SLEEPING SICKNESS FOCI AND DISEASE EPIDEMICS IN EAST AFRICA
Human sleeping sickness has probably been present in East Africa for many centuries, although we tend to view the disease only after the first descriptions were made by European colonists in the late 19th and early 20th centuries. Atkins in 1742 (quoted in reference 96) described a "sleepy distemper," while David Livingstone in 1857 (quoted in reference 135) described a "fly disease." However, it was not until the seminal paper of Sir David Bruce (17) that the tsetse fly was linked to cattle trypanosomiasis and the subsequent reports by Dutton (33) and Stephens and Fantham (115) that the causative agents of, respectively, West and East African sleeping sickness were described.
Human sleeping sickness in East Africa has been confined to specific areas (known as foci), and many epidemics have ravaged these foci during recorded history (1900 onwards). Figure  1 shows the current foci of human sleeping sickness and outlines some of the major epidemics associated with each focus. (1, 46) ; and 1988 to 1992 in Tororo District (36, 38, 62, 63, 86) . Focus 2, Lambwe Valley focus (Kenya), epidemics, 1960 (2, 8, 40, 137, 141) and 1980 (23, 46, 48, 88, 97) . Focus 3, Gilo River focus (Ethiopia), epidemic, 1970 (7, 48, 68) . Focus 4, Gambela focus (Ethiopia), epidemic, 1967 (7, 48, 68 The first reported major epidemic in East Africa was the Great Epidemic of 1900, which devastated the Busoga focus in Uganda and Kenya (18, 21) ; some half a million people were estimated to be infected during this epidemic (62) . T. b. gambiense was thought to be the causative agent, although at that time the more familiar East African subspecies, T. b. rhodesiense, had yet to be described. There were certainly no available diagnostic features which led anyone to suspect that the causative agent was anything other than the previously described T. b. gambiense. Recently, it has been proposed by Koerner et al. that this epidemic was, in fact, caused by T. b. rhodesiense (76) . This notion is based on a reexamination of the literature and, in particular, the description of the rapid growth of the parasites in laboratory rodents, a feature not characteristic of T. b. gambiense parasites. The literature describes the presence of T. b. gambiense sleeping sickness in the Busoga focus until the 1950s, but with the unavailability of distinguishing markers and in light of the compelling evidence of Koerner et al. (76) , the possibility that T. b. rhodesiense has been there all the time cannot be ruled out. Although this issue may never be resolved, sensitive molecular biological techniques (e.g., PCR) may be able to address this question by using historical collections of microscope slides.
The first reported isolation of T. b. rhodesiense from a sleeping sickness patient was made in 1908 by Stephens and Fantham (115), some 1,200 miles south of the Busoga focus, in the Luangwa Valley in Zambia. Since then, many T. b. rhodesiense epidemics have been reported in East Africa (Figure 1 ). Based on the timing of the appearance of these epidemics, Ormerod (96) proposed that T. b. rhodesiense spread northward through Rhodesia (now Zimbabwe), Nyasaland (now Malawi), and Tanganyika (now Tanzania) before appearing in the early 1960s in the Busoga focus of Uganda. This theory of the "epidemic spread of Rhodesian sleeping sickness" implies that T. b. rhodesiense is a single strain which has spread throughout East Africa. This is clearly at odds with the proposal of Koerner et al. (76) , which suggests that T. b. rhodesiense was already present in the Busoga focus at the turn of the century. At the time when Ormerod (96) proposed his theory, sensitive techniques for the detailed discrimination of T. brucei subsp.
were not yet available, and more recent evidence, using molecular biological approaches (62) (63) (64) , indicates that the T. b. rhodesiense strains responsible from sleeping sickness in the Busoga and Luangwa Valley foci are quite unrelated. It seems unlikely, therefore, that the spread of a single strain can explain the history of epidemics in East Africa.
TRACKING TRYPANOSOME STRAINS-THE ADVENT OF BIOCHEMICAL AND MOLECULAR APPROACHES
The identification and tracking of strains are crucial to delineating the epidemiology of any parasitic disease. A detailed analysis of the strains responsible for human sleeping sickness was not possible due to morphological identity until the advent of biochemical and molecular approaches. In the early 1980s, the pioneering work of Godfrey and Kilgour (50), Gibson et al. (48) , and Tait (120) showed that isoenzyme polymorphism (allozyme analysis) could be used to characterize strains of T. brucei. Two basic questions were addressed at that time: could isoenzyme analysis be used to characterize groups of related strains, and could a genetic system be found in trypanosomes? Gibson et al. (48) demonstrated that a great deal of diversity could be detected in trypanosome strains and that isolates could be grouped on the basis of isoenzyme similarity (zymodemes). Importantly, not only did these groups reflect the geographical location from which the isolates were collected, but also some specific isoenzyme patterns were characteristic of human-infective isolates. Subsequent analyses by this approach addressed specific epidemiological questions in Uganda and Kenya (46, 47) . Gibson et al. also recognized that the isoenzyme patterns suggested that a mendelian type of genetic system was operating. Tait (120) took the other approach and used isoenzymes to demonstrate that trypanosomes were diploid and that, by conforming to Hardy-Weinberg equilibria, they were undergoing mating in natural populations. This latter question, of genetic exchange in natural populations, has been under much debate recently and is discussed below. Using the genetic distance measure of Nei (93) , Tait demonstrated that T. b. gambiense was a separate subspecies of T. brucei (122) but that T. b. rhodesiense was a host range variant of T. b. brucei (123) . To date, T. b. brucei and T. b. rhodesiense remain indistinguishable by isoenzyme methods (51) .
A variety of molecular methods have been used to identify trypanosomes (59, 61) . Restriction fragment length polymorphism (RFLP) analysis of kDNA maxicircles (49) distinguished T. brucei strains from East and West Africa based on a variable length polymorphism. RFLP analysis of repetitive DNA sequences (58, 65) has proved to be a very useful technique for the analysis of trypanosome isolates, since banding patterns are generally unique to an isolate but isolates with similar patterns can be grouped by cluster analysis (Fig. 2 ). By using this approach, it is now possible to distinguish the T. b. rhodesiense (human) isolates from T. b. brucei (nonhuman) isolates in East Africa (63) . More recently, other methods of strain typing such as PCR-based randomly amplified polymorphic DNA analysis (85, 136) and analysis of minisatellite sequences (10) have been used. Both of these methods also produce banding patterns (molecular fingerprints) that can be analyzed in a similar way to the RFLP analyses, but as yet the techniques have not been applied directly to epidemiological questions.
Some dangers lie in wait for the interpreter of many of these studies. First, all of these studies are based on one sample per individual animal or human. Although it has not yet been fully investigated, considerable genotype selection could occur during the sampling, cloning, and expansion of parasite material. It is likely that future molecular studies will be founded on analyses carried out directly on isolated material by techniques such as PCR. Second, since T. brucei is a diploid organism, care is needed in interpreting heterozygous patterns, since they may appear to be unrelated to their homozygous parental patterns. Third, small sample size predominates in virtually all analyses due to the difficulties of sampling in the field. The continual characterization of trypanosome isolates by using isoenzymes has shown that the more enzyme profiles and isolates are examined, the more zymodemes are discovered (51) . An additional problem associated with sample size is the tendency of researchers to pool isolates from different geographical locations and different times. For many epidemiological and population genetic studies, the same time and place must be used for sampling to ensure validity of results (60) . The final danger is that the investigator must use appropriate theoretical methods, which take into account the parasite's genetics and population biology, when analyzing this type of data (125) . Many markers, especially isoenzymes, can evolve too fast for use as epidemiological markers, so that results are misinterpreted. For example, increased sampling of isolates from a single geographical location can result in the merging of groupings identified by smaller sample sizes (i.e., a continuum rather than individual groups). Also, identical zymodemes from different populations may be caused by convergent evolution rather than biological or epidemiological similarity. Many of these FIG. 2 . Relationship between human-and non-human-infective isolates collected during the 1988 to 1990 human sleeping sickness epidemic in the Tororo District of Uganda. A dendrogram depicts the results of a molecular fingerprinting approach based on RFLP analysis with repetitive DNA probes. The banding patterns generated by this molecular fingerprinting approach were compared in pairwise combinations, and a similarity matrix which records levels of similarities and differences in the presence and absence of bands between T. brucei isolates was constructed. The resulting matrix was analyzed by cluster analysis (58) and is depicted in the figure. The names (e.g., TIRA 44) refer to the name of the isolate. Strains identified as ϩ either were isolated from humans or tested positive for human serum resistance (i.e., human-infective strains); strains identified as Ϫ were isolated from cattle and were sensitive to human serum (i.e., non-human-infective strains). Details of isolates can be found elsewhere (references 62 to 64). The dendrogram shows that non-human-infective (T. b. brucei) and human-infective (T. b. rhodesiense) isolates, collected during the 1988 to 1990 epidemic in Tororo (Busoga focus), form clearly distinct groups. The strains responsible for human disease in the Luangwa Valley focus, Zambia, are quite unrelated. Human-infective strains from West Africa (T. b. gambiense) are included for comparison. dangers exist, at least in part, in almost all biochemical and molecular epidemiological studies, and researchers must be aware of the implications.
HUMAN-INFECTIVE STRAINS OF TRYPANOSOMES IN EAST AFRICA-ARE THEY REALLY DISTINCT FROM NON-HUMAN-INFECTIVE STRAINS?
Classical and biochemical taxonomy disagree on the status of human-infective trypanosomes in East Africa. On the one hand, human-infective trypanosomes are given subspecies status as T. b. rhodesiense (67) , while on the other hand, they have been classified as host range variants of nonhuman T. b. brucei (123) . Further confusion exists because it is possible to select human-infective trypanosomes from their non-human-infective counterparts in the laboratory (52, 71, 101, 133) , while in field populations T. b. rhodesiense forms a distinct group (63) . Clearly, a paradox exists. The importance of identifying human-infective trypanosomes, determining the relevance of genetic exchange in propagating the human-infective phenotype, and discovering the role of human-infective trypanosomes in human sleeping sickness epidemics is paramount to understanding the history of human sleeping sickness in East Africa.
Biochemical and Molecular Basis of Human Infectivity
As long ago as 1907, Laveran and Mesnil (80) noticed that human serum lysed trypanosomes which had been isolated from animals. Later, Stephens and Fantham (115) first described the human-infective T. b. rhodesiense, which, by implication, must have been resistant to lysis by human serum in order to remain viable in the human host. At the time, little was known about the relationship between trypanosomes isolated from humans and other animals and less still was known about permissive and nonpermissive hosts. Although possibly not realized at the time, the resistance or sensitivity to human serum probably provided the first feature that distinguished human-and non-human-infective trypanosomes. It was not until Rickman and Robson (103, 104) exploited this feature and developed the blood incubation infectivity test (BIIT), which measured resistance to human serum, that T. b. rhodesiense and T. b. brucei could be distinguished without the need for experimental infection of human volunteers. In the BIIT, trypanosome isolates are exposed to human serum and then experimental animals are infected to permit detection of surviving parasites. The test, therefore, is dependent on three factors: the sensitivity of the trypanosome isolate to human serum, the effectiveness of the batch of human serum used, and the ability of the surviving parasites to grow in experimental animals. Although this test represents a considerable improvement over experimental infection of human volunteers, some inconsistencies have been observed in the BIIT performance and in the level of resistance (133) . Some of this variability has been removed by the use of a modified test, the in vitro human serum resistance test (19, 69) , which has eliminated the need to use infection of experimental animals to detect trypanosomes which have survived lysis by human serum. The likely reason for the remaining variability observed in these tests is that genetic differences in both the host (effectiveness of serum) and parasite (level of resistance) affect the degree of the response. Seed et al. (112) showed that human serum resistance is dependent on both the host and trypanosome genetic backgrounds. Using cloned trypanosome lines that expressed both high and low sensitivity to human serum and different human sera, they showed that both host and trypanosome components caused variation in the trypanolytic activity. Therefore, it seems likely that the variability observed in the human serum resistance test may be due to the combination of different sources of human serum and the trypanosome isolate. In pioneering studies, Rifkin (105) identified the predominant trypanolytic activity as a high-density lipoprotein (HDL)-containing fraction of normal human sera. Using two approaches, she showed that the activity (trypanolytic factor [TLF]) copurified with HDL, and that serum taken from people with Tangier disease-a rare autosomal recessive disorder that is characterized by the absence or severe deficiency of HDL in plasma-lacked TLF activity. These results were confirmed when antibodies against HDL apolipoproteins were found to neutralize the lytic activity of TLF (53) . More recent approaches have provided more details of the mechanism of trypanosome killing; these studies have both clouded and clarified this subject. Initially, TLF was reported to be a haptoglobin-related protein which is an apolipoprotein associated with a minor subclass of HDL (53, 113) . However, other reports suggested that this might not be the case (12, 55, 81, 99) . These conflicts have been resolved by the discovery of a second factor (128), TLF2, which is a non-HDL, unstable high-molecularmass complex. Evidence suggests that the original HDL-associated TLF activity, TLF1, is inhibited by an endogenous haptoglobin (99) and that TLF2 is probably responsible for the majority of the trypanolytic activity of normal human serum. A model (52) has been proposed which recognizes three phases in the process of TLF-mediated lysis of trypanosomes: (i) binding of TLF to a trypanosome receptor, (ii) internalization by endocytosis, and (iii) lysosomal targeting. Recent evidence indicates that resistance to TLF in human-infective trypanosomes is generated by a mechanism involving decreased internalization (54) .
An important breakthrough in our understanding of human sleeping sickness would be to discover the genetic basis of human infectivity. Strain TREU 164, originally isolated from tsetse files in Lugala, Uganda, in 1969, has been shown to be human infective by accidental infection of a laboratory worker (57, 108) . By using human serum-resistant and -sensitive trypanosome clones derived from this isolate (ETaT clones) (133), a gene was identified which is expressed (at the RNA level) only in serum-resistant clones (26) . The sequence of this gene (SRA) shows that the predicted gene product has features, such as conserved cysteine residues near the C-terminal region, which suggest that it is structurally related to the variant surface glycoproteins (VSGs) (27) . (The VSGs are a large family of glycoproteins that coat the entire trypanosome surface and are involved in immune evasion. A single VSG is expressed on the surface of any individual trypanosome, and at relatively frequent intervals a genetic switching event takes place and the VSG is replaced by another family member with different antigenic characteristics.) The predicted amino acid sequence of the SRA gene product suggests that it is intracellular but inserted into a biological membrane. The role of the SRA gene product is unknown, but it is present in very small quantities (106) . However, since this gene is not expressed in the procyclic (insect) forms, where endocytosis also does not happen (134) , its properties as a membrane-associated, intracellular protein are consistent with a role in endocytosis. If SRA is involved in endocytosis and is the key to human serum resistance, the proposal by Hager and Hajduk (54) would predict that SRA is involved in preventing or reducing the internalization of TLF. As yet, this has not been determined.
In summary, the biochemical evidence shows that the human-infective T. b. rhodesiense differs from the human-infective T. b. brucei by means of its resistance to lysis by components in human serum. Furthermore, this resistance can be acquired by sensitive strains and is caused by the decreased internalization of a TLF. Taken together, the biochemical evidence indicates that T. b. rhodesiense is a host range variant of T. b. brucei.
Identifying Human Trypanosomes in Field Isolates and Detection of Animal Reservoirs for Human Sleeping Sickness
It is important to identify human-infective isolates in the field to determine the relevance of animal reservoirs and the prevalence of human-infective trypanosomes in tsetse flies. As mentioned above, human-infective trypanosomes were identified by experimental infection of human volunteers. By using this approach, it was shown that cattle (95) , bushbuck (56) , and other wild animals (44) harbored human-infective trypanosomes and therefore could be potential reservoirs. Fortunately for the volunteers, the samples were statistically small, but unfortunately for the epidemiologists, these studies gave little indication of the relative importance of these animal reservoirs. Although the BIIT has been used to identify humaninfective trypanosomes in wild animals, domestic animals (48, 111) , and tsetse flies (97), equivocal results were obtained in some cases. Isoenzyme analysis has been applied to distinguish field isolates of T. b. brucei and T. b. rhodesiense but has failed to establish unequivocal criteria for distinction (48, 51, 123) , leading to the suggestion that T. b. rhodesiense is a host range variant of T. b. brucei (123) . Based on identical patterns in human and animal isolates in these isoenzyme studies, animal reservoirs for the human-infective isolates may exist. Such interpretations must be made with caution, but isoenzyme studies on populations from the same locations at the same time (see, e.g., references 46 and 47) clearly implicate cattle as potential reservoirs.
More recently, molecular approaches have been used to identify human-infective T. brucei. Again, molecular markers have failed to provide a clear-cut distinguishing test, probably as a result of the close genetic relationship of T. b. brucei and T. b. rhodesiense. The use of the SRA gene probe (26) as a tool for identifying human-infective strains has potential for use with field isolates, although to date it has not been tested on a large collection of strains. Probably the most successful molecular epidemiological study, in terms of distinguishing humanand non-human-infective trypanosomes, involved a large number of strains circulating during an epidemic in the Tororo District of Uganda in 1988 to 1990 (63) . In this study, 88 isolates taken from humans, cattle, and tsetse files in a group of villages within 20 km of each other were analyzed by RFLP analysis of repetitive DNA, isoenzyme electrophoresis, and human serum resistance. The human-infective isolates were clearly distinguishable from the non-human-infective isolates by RFLP analysis (Fig. 2 ). Furthermore, when Nei's (93) genetic distance (D) was calculated from the isoenzyme profiles, the genetic distance between the human-infective and nonhuman-infective populations of trypanosomes collected in the Tororo villages (D ϭ 0.077) (63) was greater than that between two populations of T. b. brucei collected from Lugala, East Africa, and Nigeria, West Africa (D ϭ 0.049) (122) . This study also showed that 23% of cattle in these villages carried humaninfective T. brucei (63) and that human sleeping sickness is five times more likely to be transmitted by the cattle-fly-human transmission cycle than the human-fly-human cycle (62) (Fig.  3 ). This showed that the cattle reservoir was clearly important in the generation or maintenance of this epidemic. A comparison with the prevalence of human trypanosome-infected cattle in other epidemics (Table 1) confirmed that this may be a general feature of human sleeping sickness epidemics. In summary, field data suggest that human-infective trypanosomes are distinguishable as a population from their non-human-infective counterparts. These findings contrast with results from other biochemical and molecular studies, indicating that complex mechanisms may be operating in the field which result in the separation of these populations within natural transmission cycles. The crux of the paradox is that while human-and non-human-infective strains are genetically closely related, very little gene flow is apparently occurring between these two host range variants in natural populations. This restricted gene flow could be brought about by lack of genetic exchange between the two groups because of either lack of opportunity or a biological barrier. Lack of opportunity might be promoted by selection against human serum-sensitive strains in human-flyhuman or human-fly-animal transmission cycles, thus reducing the opportunity for interaction between human-and non-human-infective strains. Alternatively, the human serum resistance phenotype might be linked to some genetic mechanism (e.g., mating type) that provides a biological barrier to gene flow between these populations. Further research is necessary to elucidate this complex area and understand the interactions FIG. 3 . Dynamics of transmission during the 1988 to 1990 human sleeping sickness epidemic in Tororo, Uganda. p1h and p1c are the probabilities of tsetse flies feeding on, respectively, humans or cattle (calculated from the analysis of tsetse fly blood means). p2h and p2c are the probabilities of either humans or cattle (respectively) being infected with human sleeping sickness trypanosomes. p2h is taken from the frequency of infected humans in the population (0.6%), and p2c is calculated from the frequency of T. brucei-infected cattle (5%) multiplied by the proportion of T. brucei which are human infective (23%). The product of p1 and p2 (p3) is the probability of a fly picking up human-infective parasites from either humans (p3h) or cattle (p3c). In this epidemic, a fly harboring human-infective trypanosomes is five times more likely (p3c ϭ 0.0026) to have picked up that infection from domestic cattle than from an infected person (p3h ϭ 0.0005). 
Is the Human Infectivity Phenotype Spread by Genetic Exchange?
In addition to understanding the transmission of humaninfective trypanosomes through animal and vector transmission cycles, another key factor which can contribute to the dispersal of human disease is the spread of the human-infective genotype from human-infective to non-human-infective trypanosomes by genetic exchange. Genetic exchange in trypanosomes was predicted (48, 120) and then demonstrated (70) to occur, but it remains a contentious issue. On the one hand, genetic crosses can be carried out in the laboratory with relative ease (25, 45, 70, 116, 119, 121) , but on the other hand, many population genetic studies have indicated that genetic exchange is absent, or at least infrequent, in natural populations (22, 23, 62, 63, 85, 88, 117, 118, 127) . A number of factors have confused this debate. First, both clonality and genetic exchange can be detected in different populations (59, 63, 117, 126) . The study of the epidemic in Tororo demonstrated that different trypanosome populations (the human-infective and the non-human-infective populations) show different levels of genetic exchange, with the former group being largely clonal (or epidemic) and the latter group showing evidence of frequent genetic exchange within the population (63) . Second, different methods of analysis were used, including conformation to Hardy-Weinberg (H-W) equilibria (120), linkage disequilibrium (127) , and allele association (63, 87) . These statistical analyses all measure different parameters and rely on different assumptions. Conformation to H-W equilibria indicates that a population is undergoing random mating (panmixia), while lack of conformation is explained by either lack of mating or lack of randomness of mating. Linkage disequlibrium statistics measure the variation from linkage equilibrium predicted in a panmictic population. Any barriers to random mating will then create linkage disequilibrium. Allele association measures the breakup of the association of alleles caused by recombination. An index of association of zero is usually taken to indicate frequent genetic exchange but in fact could be generated by any mechanism of recombination. In the light of these inconsistencies, a common approach to analysis might help to standardize interpretations (125) . Third, a complex genetic system may exist where polyploidy (45) and selfing (119) may result in disruption to linkage equilibrium. Fourth, pooling of samples from populations, divided by substructuring (60) , which have no opportunity for mating has also confused this debate. T. brucei populations clearly have substructuring (63) , and this may cause considerable linkage disequilibrium if such subpopulations, which may not genetically recombine, are pooled to enhance sample size for analysis.
Although it is now clear that genetic exchange does play a role in the generation of diversity of trypanosome populations, it is not clear whether genetic exchange occurs between human-and non-human-infective trypanosomes. Further research is needed to establish the role of genetic exchange in human sleeping sickness epidemiology, but clearly complex interactions occur between transmission cycles and genetic cycles in field isolates.
Genetic Diversity in the Tsetse Fly
Different levels of host range specificity seem apparent in T. brucei. Cattle and wild animals appear to be suitable hosts for both human-and non-human-infective T. brucei, while humans are restricted to the former (23, 63) . Also some animal hosts can display a resistance to human trypanosomes (92, 103) . Little is known about these host restrictions, but it has been proposed that trypanosome strains might be adapted for transmission cycles involving specific hosts (23) . Such adaptation may be due to mechanisms such as serum resistance or the recently identified differences in uptake of transferrins (an important trypanosome growth promoter) by the trypanosomes from different host species (14, 15) . This latter phenomenon is probably related to antigenic switching and may provide both the flexibility for the trypanosome to adapt to new hosts and the genetic background which enhances transmission through specific host transmission cycles.
Given these different transmission cycles, it is important to understand the genetic diversity within the tsetse fly, since this is the link between different cycles. This is especially important because genetic exchange between trypanosomes occurs in the tsetse fly (70) and interaction between different transmission cycles could occur here. Very little is known about the genetic diversity of T. brucei strains in tsetse flies, although it is apparent that it is greater than in either cattle or humans (47, 88) . When T. brucei samples are taken from tsetse flies collected near human habitation, a high proportion of flies which contain trypanosome zymodemes identical to those found in humans are found (97) . These findings suggest that close contact between tsetse flies and humans may enhance the transmission of human strains. Since zymodemes found in tsetse flies differed from those found in humans or cattle, it was proposed that the flies were feeding on wild animals harboring trypanosomes with different zymodemes (88) . However, another author suggested that these differences may have been due to comparison of samples taken at different places and times (23) . The bulk of the evidence suggests that the genotypes of trypanosomes found in tsetse flies reflect the genotypes found in their hosts, providing that they are sampled at the same time and place. The difficulty in carrying out large-scale analyses of T. brucei genotypes in tsetse flies is compounded by the fact that usually only 0.1% of the flies are infected (86) . To adequately resolve the question of genetic diversity in tsetse flies, a large-scale study is required with samples taken from tsetse flies and all possible hosts from the same location and time. Furthermore, efficient PCR-based genetic tools are needed for the rapid screening of tsetse fly and similar field samples.
Genetic Diversity of Trypanosome Strains in the Mammalian Host
The great genotypic diversity found in tsetse flies would be expected to be reflected in the genetic diversity of trypanosomes in the mammalian host. Few studies have addressed this question, since such studies are difficult to conduct and interpret. For example, these studies require large programs of sampling from individual animals, avoidance of selective loss of minor genotypes by amplification of parasites (e.g., in laboratory animals), and the availability of sensitive genetic markers. Some studies (91) have provided evidence for the lack of mixed-species (e.g., T. brucei, T. congolense, and T. vivax) infections in cattle. More recently, a limited study suggested that individual animals may contain only a single trypanosome genotype (66) . In this study, single animals were sampled over periods of up to 6 months. DNA was extracted from parasites, and RFLP analysis was carried out. Despite being sampled 6 months apart and, in some cases, from different body tissues (blood or cerebrospinal fluid), the trypanosome genotypes recovered from an individual animal were identical but distinct from those recovered from other animals. This paradoxical finding may be explained by sampling error, a population bot-tleneck, immune selection, or parasite "social" interactions (66) . More work is necessary to investigate this question further, and the ability to amplify DNA from single trypanosomes (84) may be an important tool in such an investigation.
Appearance and Stability of Human-Infective Strains in Sleeping Sickness Foci
Of paramount appearance to the control of human sleeping sickness is a knowledge of the frequency at which humaninfective strains appear and the length of time they persist. Although laboratory experiments (see above) show that human-infective strains can be readily obtained from human serum-sensitive ones, the relevance of this to natural populations is not clear. Did human sleeping sickness appear only once in East Africa (the "original" T. b. rhodesiense strain) and spread to other foci, or have human-infective strains arisen independently in different locations in East Africa? Ormerod proposed a theory documenting the spread of a single human sleeping sickness strain from Rhodesia (Zimbabwe) northward to Lake Victoria (96) based on the historical appearance of epidemics. Although consistent with the data available at the time, this theory can now be discounted, since molecular evidence shows that human-infective strains from southeastern Africa (Zambia) are quite unrelated to strains found near Lake Victoria (64) . Studies with isoenzymes have suggested that the appearance of new zymodemes correlates with the appearance of an epidemic (46, 47) . These data have been interpreted as indicating that the influx of new strains is responsible for new epidemics. In contrast, Hide et al. (62, 63) showed that a single trypanosome strain was responsible for human disease in the Busoga focus from at least the 1960s to the present day. The inconsistency between these conclusions may reside in the fact that isoenzymes are a very "fast" molecular marker, as judged by the almost linear increase in the number of zymodemes with samples examined, and that the underlying strain structure is masked by high levels of genetic variability in isoenzyme profiles. The evidence that a single trypanosome strain is responsible for human disease in the Busoga focus is strongly supported by two observations: first, the similarity among RFLP patterns of human-infective isolates collected in Central Nyanza (Kenya) in 1960 and Tororo (Uganda) in 1990, and second, the difference in RFLP patterns between human-and non-human-infective isolates taken at the same time and place from the Tororo villages in 1990 (63) . This observed stability in the human strain lends support to the theory of Koerner et al. (76) that it was in fact the same strain as the one responsible for the great human sleeping sickness epidemic in 1900. Thus, the strain responsible for human sleeping sickness in the Busoga focus appears to have arisen only once and is very stable in this focus. The differences observed between humaninfective strains from the Busoga focus and the Zambian focus, with respect to disease prevalence (31, 32) , virulence (20, 41, 82, 100) , and molecular identity (64) , suggest that human infectivity has arisen more than once. This evidence lends support to the notion that each human sleeping sickness focus may be associated with a particular human-infective trypanosome strain which is responsible for the long-term stability of that area as a disease focus (59, 62) .
ROLE OF THE TSETSE FLY
The tsetse fly is directly involved in both transmission cycles and genetic cycles, by virtue of playing host to trypanosome genetic exchange (70) . Taken together with the well-established observation that destruction of tsetse fly habitats corre-lates with a reduction in sleeping sickness, the tsetse fly is clearly implicated as a major player in human sleeping sickness epidemics. A number of species of tsetse fly are recognized. Glossina fuscipes (previously known as G. palpalis) is found in riverine and marshland areas and has been implicated as the vector for epidemics in the Lake Victoria area. G. pallidipes, which prefers thicket or forest edge, is less abundant than G. fuscipes in the Lake Victoria area but is the most abundant tsetse fly in the Luangwa Valley focus in Zambia. G. morsitans is found in the Luangwa Valley (as a minority species) and Kafue River foci. Other species associated with human sleeping sickness foci are G. swynnertoni in Tanzania and G. tachinoides in Ethiopia.
One of the main epidemiological concerns has been that different tsetse fly species play different roles in human sleeping sickness. G. pallidipes was the species associated with the T. b. gambiense epidemic in Busoga in the 1940s (82) . The discovery of T. b. rhodesiense in G. fuscipes during the Central Nyanza epidemic (114) led to the notion that G. fuscipes had facilitated the influx of T. b. rhodesiense into the area (95) . At the time that work was carried out, T. b. gambiense and T. b. rhodesiense were indistinguishable and so, given the controversy over the causative agent of these early epidemics (76) , it is difficult to draw conclusions about the involvement of different tsetse fly species in transmission cycles. The situation may be further clouded by the complex ecology of the various species. Coexistence of different tsetse fly species in the same area will create considerable difficulties in unravelling associations between different species and trypanosome populations. For example, in the Luangwa Valley sleeping sickness focus, the savannah (G. morsitans) and forest edge (G. pallidipes) species coexist. Currently, little evidence is available which indicates that unique transmission cycles, such cycles specific to human-infective strains, are associated with particular Glossinia species. The discovery that human-infective trypanosomes (from the Busoga focus) have reduced transmissibility in tsetse flies (89, 140) is, however, of interest in this respect. Human serum-sensitive trypanosome stocks were 1.8 times more likely to mature in the tsetse fly than were their human serum-resistant counterparts. This finding suggests that human-infective trypanosomes are less likely to be transmitted than non-human-infective trypanosomes. Clearly, some other driving force must ensure the survival of human-infective trypanosomes during an epidemic. Two mechanisms could be operating at such times: selection in humans and abundant human-fly-human or human-fly-cattle transmission. These human-infective trypanosomes may also be maintained in the population due to a population bottleneck as a result of the majority of transmission from the tsetse fly occurring at the teneral (first) feed (138, 139) .
The destruction of tsetse flies has long been a method of reducing human (and animal) trypanosomiasis, although they are remarkable in their ability to repopulate. For example, G. fuscipes was eradicated from the lakeshore of Lake Victoria between 1954 and 1957 but had to be cleared again by insecticide spraying in 1967 to 1968 and again in 1970 (2, 137) . A number of methods have been used to control tsetse fly populations. Aerial or ground spraying, bush clearance, and wildlife eradication have traditionally been used to destroy tsetse flies, although these methods have a significant and nowadays unacceptable environmental impact (72) . In the early 1970s, trap and target control methods were first tested in Zimbabwe (129, 130) . These methods involved the design of traps with odors, colors, and shapes which attracted tsetse flies. New developments in synthetic pyrethroids (34) , which had low toxicity to mammals but were lethal to tsetse flies, combined with the use of these traps offered sample approaches to tsetse fly control. Many studies showed these approaches to be costeffective (see, e.g., reference 131). In addition, these traps could be used as barriers to tsetse flies by placing traps 100 m apart to form a barrier around a tsetse-free region. By 1990, some 27,000 of these targets were being used as barrier targets in Zimbabwe (9) . Despite the success of targets and traps, many regions in East Africa have failed to take up this approach. Generally, this is because of the difficulties in deploying and maintaining traps in inaccessible areas. More recently, pour-on or dipping technologies have been used to control tsetse flies. Specially developed formulations of synthetic pyrethroids, suitable for direct application to cattle, have been tested for their ability to control tsetse flies. Cooper's Spot On, Ciba Geigy's Ectopor, and Bayer's Bayticol are examples of these pour-on formulations, and some success has been achieved with this approach (13) . Obviously, this approach is designed to break the tsetse fly transmission cycle, and an initial small incidence of disease must be accepted before control will be achieved.
In summary, a number of new developments in tsetse fly control are emerging, but the success of these approaches depends largely on the implementation of suitable management infrastructures. Such structures must involve national and international surveillance and coordination as well as involvement within communities at a local level (16) .
ANATOMY OF A HUMAN SLEEPING SICKNESS EPIDEMIC
The Busoga focus in southeastern Uganda has long been an important focus of human sleeping sickness. The topography is characterized by a gently undulating slope dropping only 110 m in the 100 km from Lake Victoria to Lake Kyogo (Fig. 4) . The terrain is a vast network of slow-moving or stagnant streams overgrown with marsh and dense forest. Wild game are no longer abundant in this region, although bushbusk and antelope are occasionally seen; reptiles such as the monitor lizard are plentiful. Domestic cattle, pigs, goats, and dogs are found near to homesteads. The population density varies between 12 and 300 people per km 2 (1), and agriculture is now mainly subsistence despite the presence of a large cotton-growing cash crop industry prior to 1971 (76) . Coffee and subsistence crops are grown on small plots close to homesteads. The old cotton plantations, with their heavy use of insecticides, were poor tsetse fly habitats, but the coffee plantations provide a good habitat for tsetse flies. The 1971 takeover by the Amin regime resulted in the destruction of cotton plantations, social turmoil, and poor economic performance. The aftermath was a legacy of abandoned cotton plantations that served as an ideal habitat for tsetse flies and the abandonment of tsetse fly surveillance and control programs (76) .
The most recent epidemic in the Busoga focus began in 1971, with 169 cases being detected and treated. Heightened medical surveillance and tsetse fly control terminated this outbreak at the end of that year, and no further cases were reported. In 1972, further breakdown of tsetse fly control measures led to the spread of G. fuscipes fuscipes (94) , and changes in agricultural practices encouraged bush growth followed by expansion of tsetse fly habitats. By 1976, the epidemic had flared up again, and it peaked in 1980 with 8,465 cases (1.2% of the population of the affected region being infected) (1, 62, 76) . Since analysis of trypanosome zymodemes (46) showed that six zymodemes were found in human-infective isolates, it was proposed that either new strains had entered the region or genetic recombination had generated the isoenzyme variation.
The similarity of RFLP patterns among these isolates and those from a later epidemic in Tororo (63) and the observation of hybrid isoenzyme patterns in human trypanosome zymodemes (46) suggest the latter interpretation. By 1984, the epidemic had spread eastward (35) , and the first few cases were observed in the Tororo District of southeastern Uganda (Fig.  4 ). Before this date, there had been no recorded cases of sleeping sickness in this District. However, 297 cases were recorded in 1988, and a peak of 352 cases was reached in 1990. This latter phase of the epidemic offered the opportunity to carry out a detailed analysis of a very localized area, where detailed epidemiological data and trypanosome isolates could be collected alongside each other (86) . Samples were taken from tsetse flies, cattle, pigs, and humans from a series of villages within a 10-km radius in the Tororo District in 1988 to 1992. The infection rate in this region was found to be 0.6% of people, 5% of cattle, and 0.1% of tsetse flies (86) . Since the percentage for tsetse flies is surprisingly low, a very high biting rate must occur to achieve reasonable levels of disease transmission. Analysis of tsetse fly blood meals indicated a "preference" for tsetse fly feeding behavior, with 59% having fed on monitor lizards, 23% having fed on cattle, and only 9% having fed on humans (140) . These figures probably reflect the abundance and availability of hosts rather than on actual feeding preference. Since it is unknown if T. brucei can survive or be detected in cold-blooded monitor lizards, future studies should include sampling of these animals to rule out any possible epidemiological involvement.
Trypanosomes from this area were analyzed to determine the identity of the causative agent of this disease. Isoenzyme analysis of 47 isolates from Tororo (36) demonstrated a large diversity of zymodemes that were broadly similar to those found in a collection of 104 isolates from the "old" Busoga sleeping sickness area. Another study carried out on samples from the Buvuma Islands in Lake Victoria, an area which had not been subjected to the tsetse fly control measures carried out on the mainland, also revealed a range of zymodemes broadly similar to that on the mainland, although a greater diversity of zymodemes was observed in the tsetse flies (38) . This large diversity of zymodemes observed in these studies does not necessarily imply that a large number of strains are present. Many similarities can be seen between the banding patterns in different zymodemes, suggesting that some of these zymodemes may be related or derived from genetic hybrids. Thus, the great diversity could merely reflect allelic variation within the population of isolates. Furthermore, the broad overlap in the zymodemes compared with those of the Busoga area probably suggests that the trypanosome samples are all derived from a single strain. In another study, a detailed analysis of 88 isolates by isoenzyme variation, human serum resistance, and RFLP analysis showed that a single strain was responsible for human sleeping sickness in this epidemic; moreover, this strain was also responsible for the human disease in Busoga in the 1980s and also in the Central Nyanza region of Kenya in the 1960s (63) . These findings provided strong evidence that a single strain is responsible for human disease in the whole Busoga focus. Furthermore, this study showed that humaninfective strains (as defined by isolation from humans or resistance to human serum) could be clearly distinguished from non-human-infective strains. This had an important impact on the ability to identify and quantify the importance of animal reservoirs. While studies in Tororo (36) and earlier studies (46) had implicated cattle as a human reservoir in this region, RFLP analysis demonstrated that 23% of cattle harbored human-infective trypanosomes in Tororo (63) . Taking into account transmission parameters, it was calculated that the cattle-fly-human transmission cycle is five times more probable than the human-fly-human cycle (62) (Fig. 3) . Thus, cattle were very important as an animal reservoir in this epidemic.
Studies on trypanosome genetic exchange during this epidemic generated conflicting results. Considerable linkage disequilibrium was observed when 44 stocks from Tororo were examined (118) , suggesting that the trypanosomes in this area were largely clonal. In contrast, another study of 88 stocks demonstrated that the human-infective isolates were epidemic (i.e., genetic exchange was masked by the epidemic spread of a single strain) and the non-human-infective strains were undergoing genetic exchange (62, 63) . It was proposed that the difference in levels of genetic exchange between the humanand non-human-infective trypanosomes is due to a reduced transmissibility of the human-infective trypanosomes in tsetse flies (89, 140) , leading to a reduction in the opportunity for mating in this population. It is likely that the lower levels of genetic exchange in the human-infective trypanosomes contributed to the stability of the strain responsible for sleeping sickness in the Busoga focus.
In summary, the data from this human sleeping sickness focus indicate that the crucial features of an epidemic are the presence of a human-infective trypanosome strain, a good tsetse fly habitat, a cattle reservoir, and the opportunity for all of these components to interact by close contact.
An Area of a Human Sleeping Sickness Focus Where the Disease is Endemic-What Is the Risk of an Epidemic?
One of the paradoxes of the history of human sleeping sickness is that in some areas disease is endemic with the occurrence of occasional epidemics while other areas apparently have no recorded cases of the disease. A crucial require-ment for disease control is to define those regions with a high risk of epidemic formation and those at lower risk. The ability to predict the likelihood of an epidemic would enable control measures and surveillance infrastructures to be put into place in advance. Quite naturally, most epidemiological studies have focused on the devastating epidemics which have ravaged East Africa but few studies have investigated the areas of endemicity with few or no reported cases of human disease. One of the requirements for such a study is to choose a location where epidemiological parameters can be directly compared during epidemic and endemic periods. The Busia District of western Kenya is located within the Busoga focus some 10 to 20 miles from the location of the 1988 to 1992 human sleeping sickness epidemic at Tororo. This region currently has endemic human sleeping sickness, with only seven reported cases in 1991, and thus offers a good opportunity to compare areas of endemic and epidemic infection in a sleeping sickness focus. Infected people in the Busia District were found to be harboring the same strain of T. brucei as were those infected in Tororo (66) , and, albeit in a limited study, human-infective trypanosomes were also found in domestic cattle (66) . One cow infected with human-infective trypanosomes was only 3.5 years old, and by virtue of being born after any cases of human sleeping sickness in the area, must have contracted the parasite from tsetse flies. Although more studies are required to define the parameters more accurately, the evidence suggest that human-infective trypanosomes are present in cattle and circulating in tsetse flies in this area of endemicity.
MODEL FOR THE ORIGINS AND MAINTENANCE OF HUMAN SLEEPING SICKNESS FOCI IN EAST AFRICA
Three basic features define the model proposed here for the origins and maintenance of human sleeping sickness foci in East Africa: (i) each sleeping sickness focus has a single strain of human-infective trypanosome associated with it; (ii) this strain is maintained within the ecosystem of the focus, even in times of endemicity; and (iii) this strain generates an epidemic when certain favorable epidemiological conditions prevail.
A number of stages may be involved in this process. (i) Infrequently, throughout East Africa, the human-infective genotype arises in the background trypanosome population either by general mechanisms such as mutation and genetic recombination or by specific mechanisms such as selection in human serum and selection by host-specific transferrin uptake. These mutant genotypes are then either lost or maintained in the population by genetic drift or genetic recombination. If maintained, these genotypes may create the genetic environment for the generation of a human-infective strain, i.e., the strain responsible for that given focus. (ii) Once a transmission cycle which has the occasional involvement of humans is established, selection in humans acts to maintain a single or small number of human-infective strains in the transmission cycle. The low frequency of infected tsetse flies (0.1%) and infrequent encounters with humans create population bottleneck, resulting in restriction of genetic diversity and lack of frequent genetic exchange in the human-infective strain. (iii) Epidemic selection of the human strain follows when ecological conditions change such that the tsetse fly population (or, more strictly, the biting rate) increases. Close interaction among humans, tsetse, and animal reservoirs and lack of treatment of human disease all serve to increase the density of the infected human population. A full-blown epidemic caused by single trypanosome strain occurs. A sufficient density of infected people is necessary to overcome the disadvantaged transmissibility of human-infective strains. (iv) A period of endemicity follows VOL. 12, 1999 SLEEPING SICKNESS IN EAST AFRICA 121
on August 14, 2017 by guest http://cmr.asm.org/ as population immunity, tsetse fly control, and drug treatment decrease the number of cases. The human-infective strains are left circulating in the tsetse fly and animal reservoirs until such a time as changes in the ecological situation again trigger another epidemic. From the point of view of control, this model proposes that the key factors in an epidemic are the presence of a humaninfective strain; a high tsetse fly infestation or biting rate; close contact between tsetse fly, animal reservoirs, and humans; and the density of the infected human population. It may not be necessary to tackle all of these key factors to prevent or control an epidemic, since a reduction in some or only one factor(s) may be all that is required. An understanding of the quantitative effects of each factor may allow us to select the most appropriate strategy for a given situation.
This model has a number of suggestions of key strategies for controlling an epidemic: (i) prevention of transmission from tsetse flies to humans by tsetse fly control or changes to sociological and agricultural practices which reduce tsetse fly-human contact; (ii) prevention of transmission from domestic animals to humans by changes in agricultural practice which separate animals from domestic dwellings or the treatment of cattle harboring human trypanosomes; and (iii) treatment of people or thinning out of population density to reduce the selection for human-infective trypanosomes.
This model also predicts some additional preventive measures which can be taken to reduce the risk of the generation of an epidemic in areas of endemicity: (i) surveillance to determine the levels of human-infective trypanosomes in the human, tsetse fly, and domestic animal population, and (ii) development of longer-term agricultural and social practices to minimize contact between humans, tsetse flies, and domestic animals (e.g., barrier trapping around the larger settlements).
To achieve these aims, a number of additional tools are required. First, a sensitive detection system, specific to the human-infective strain in a given focus, is needed for surveillance and monitoring. Second, the use of environmentally friendly and effective tsetse fly control and detection methods is needed to reduce transmission. Third, effective drug treatment for both human and cattle is needed to reduce the concentration of infected hosts.
CONCLUSIONS AND FUTURE PERSPECTIVES
Human sleeping sickness in East Africa has been well documented for over 100 years, and yet we seem no closer to eradicating this devastating disease. The continued vulnerability of Africa to this disease is highlighted by the recent epidemic in southern Sudan (73) in which some 10 million people are at risk and in which, in some areas, 20% of the population are infected. Multifaceted approaches to controlling the disease are still being developed along both traditional and more novel lines, such as new approaches to drug discovery based on the anti-trypanosomal activity of plants used in traditional medicine in Uganda (42); the release of sterile male tsetse fly on the island of Zanzibar and the consequent eradication of tsetse flies there (3); and the monitoring of tsetse fly habitats by using satellite imagery (75, 109, 110) . Despite these approaches, the disease remains largely intractable. The trypanosome has evolved a niche by clever manipulation of its environment-hosts and vectors-and, perhaps very significantly, by existing in a location where financial and political constraints prevent implementation of control measures. The history of human sleeping sickness in East Africa is inextricably linked with political unrest, scarcity of resources, and lack of the necessary administrative infrastructure to take advantage of recent developments in technology. If these issues are addressed, the current developments in technologies should allow us to consign East African human sleeping sickness to history. ACKNOWLEDGMENTS I thank Sue Welburn, Ian Maudlin and Andy Tait, at Glasgow University, for discussion of ideas and for their contributions to our fruitful collaborations in this subject.
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